Introduction
There are many structural dynamic and aeroelastic concerns that must be addressed in all aircraft designs, ranging from relatively simple general aviation configurations to complex, high performance military concepts.
Of course, the degree of concern for a particular dynamic issue depends on the airplane design in question. In this paper, structural dynamic and aeroelastic considerations applicable to hypersonic vehicles will be discussed. Although much of the discussion is generic in the sense that it applies generally to hypersonic airplanes that operate within the atmosphere, the presentation does focus on aero-space plane configurations such as that illustrated by the artist's conception shown in figure 1. The authors offer no apology for this focus, but rather admit they have cho- Furthermore, in selecting illustrative results for inclusion herein they have also chosen work with which they are personally familiar.
Aero(servo)thermoelasticitv Defined
The structural dynamic concerns for hypersonic airplanes are usually considered to be in the aerothermoelasticity technical area which is, as the name implies, the combining of thermal considerations with aeroelastic considerations. Because aerothermoelasticity is a very specialized field and perhaps not too familiar to many scientists and engineers, it will be useful to discuss the term. It has become more or less standard practice to use geometric shapes in a pictorial fashion to depict aeroelasticity related phenomena. Garrick and Cunninghaml suggested that the tetrahedron shown in figure 2 be used to depict aerothermoelasticity. The apexes A, I, E, and H of the tetrahedron represent aerodynamic force, inertia force, elastic force, and heat (thermal forces), respectively.
The various subelements of aerothermoelasticity are indicated by the edges and faces of the tetrahedron.
For example, the line 1 that connects apex E with apex I represents natural vibrations which are governed by the inertia and elastic (stiffness) characteristics of a structure.
The triangular plane 7 connecting the apexes A, I, and E represents dynamic aeroelasticity which is a coupling of aerodynamic, inertia, and elastic forces. Flutter is an example of such a phenomena.
The triangle 7 is the Collar Triangle, named after the British scientist who was the first to use this figure to represent aeroelastic phenomena. Because it operates at extremely high speeds within the atmosphere, aerodynamic heating will be significant. Structural temperatures will range from ambient at take off to very hot during flight. Not only will the structure be heated, but there will be significant temperature gradients present.
Gradients will exist because of accelerated flight, temporal gradients, and because in unchanging flight conditions all portions of the structure will not be heated to the same temperature, spacial gradients.
The elevated temperatures which degrade material moduli and the internal prestresses resulting from thermal gradients will affect structural stiffness.
The broad range of altitudes and speeds coupled with aerodynamic heating ensure that there are many structural dynamic and aeroelastic issues that must be addressed in the design of a hypersonic airplane.
Some of these issues will be discussed subsequently.
However, before doing that it will be useful to discuss some of the aerodynamic and structural characteristics that will make a hypersonic airplane different from a "conventional" airplane. This is done in the following section. Aerodynamic and Structural Characteristics Some characteristics of a hypersonic airplane that make it different from "conventional" designs are listed in figure 6 . The geometry will undoubtedly be a highly blended wing-body-fin configuration.
Indeed, the airframe and the engine most likely will be blended togeth_er. There are some characteristics of a hypersonic vehicle that have special significance for the landing gear system. One is that the airplane may have relatively high takeoff and landing speeds which will require special considerations to tire dynamics.
Indeed, advances in the state of the art in tire design may be required to provide tires that will withstand the intemal dynamic stresses that will be generated during landing and takeoff. Another is the potential for a relatively large ratio of takeoff weight to landing weight.
The stiffness of a landing gear system that provides satisfactory performance for takeoff may not be acceptable for landing where a lower stiffness gear system would be required.
An active control landing gear system might be an attractive solution to this problem. Such systems, however, are not fully developed and are yet to be proven in flight operations.
Third, configuration geometry and attitude requirements at takeoff may require an usually long nose gear strut. Perhaps a seemingly mundane consideration, but such a long strut would require careful attention to avoid nose wheel shimmy. Propellant dynamics/fuel slosh: Undoubtedly a hypersonic airplane will have large tankage to accommodate the volume of fuel required for the high speeds and long range.
These tanks may be either integral, load carrying components of the structure, or may be bladders that are contained within the structure.
For most airplanes the fuel can be considered as simply a concentrated mass. For a hypersonic airplane the "stiffness" of the fuel will have to be accounted for as well.
That is, at the very least, the fuel will have to be modeled as a simple mass oscillator that is coupled to the structure. Baffles will undoubtedly be required and the dynamic loads imparted to them by the sloshing fuel will have to be accounted for in design. Coupled dynamics -structure, control _g.llls_..f.R_:
The frequencies of the lower structural modes, the frequencies of the flight control system, and the frequencies of the fuel sloshing in the tanks may be very close together for a hypersonic configuration.
What this means is, that, during flight, the natural vibration characteristics of the airplane are significantly affected by the interactions of the structure, control system, and fuel. Vibration characteristics as used here includes both rigid body modes and elastic modes.
Because the attitude of a hypersonic airplane will have to be quite closely controlled, careful attention must be paid to these dynamic couplings in the design of the flight control system. _:
A figure  10 . Natural frequencies were measured while the article was heated up and while it was allowed to cool down to ambient temperature. Shown on the lower left in the figure are contours of constant temperature obtained for the hottest condition.
These data were obtained by interpolating the temperature readings obtained from the array of thermocouples mounted on the structure. As these contours indicate there were significant temperature gradients.
Shown on the right in the figure is the variation of the natural frequencies for the first four natural modes as the specimen was heated up and then allowed to cool down.
The A sketch of the configuration studied is shown at the top in figure 11 . Two structural configurations were studied. For one, the structure was assumed to be made of titanium-aluminide; for the other, the structure was assumed to be made of carbon-carbon. 10 Two concepts were studied, flutter suppression and ride quality control (gust load alleviation).
A sketch of the configuration studied is shown at the top of figure 12. At the bottom right in the figure are some flutter results in terms of the ratio of the flutter dynamic pressure qf for a hot vehicle to the flutter dynamic pressure of the vehicle cold (qfcold) for M=2 and 4. Aerodynamic heating reduces the flutter dynamic pressure at both Mach numbers as evidenced by the tops of the cross-hatched bars being at values of the ratio less than one. For the M=2 hot vehicle predictions, 6 a deacceleration from M=4 was assumed such that the heat loads at M--4 were used for the M=2 calculations. The tops of the shaded bars indicate the increased flutter dynamic pressures that are achieved using active controls.
The top of the shaded bar for M=2 represents a sea level condition. Presented at the lower left in the figure are some ride quality resuits as measured by normal acceleration at the pilot's station.
These results are for a cold configuration at M=4.
Results for the hot configurations were similar.
The sharp peaks associated with response in elastic modes of the vehicle are sharply attenuated by the use of the active ride control system.
Current Studies
Phase 2 design of the NASP vehicle is currently in progress by the three airframe and two engine contractors.
The objectives of this phase of the development are to insure that all of the needed technology is in hand and to identify the design that will be developed for construction and flight tests. As a part of this phase, the government is conducting additional studies to further mature the technology and to identify and solve potential problems. A listing of areas of work pertinent to the present paper is presented in figure  13 . Each of these areas has specific goals and milestones which directly support the design studies being done by the contractors.
This work is being conducted by researchers at the NASA Langley Research Center (LaRC) and at the USAF Wright Laboratories (WL).
The organization listed first following each entry on the figure is the One primarily responsible for the effort.
It is noteworthy that most of the dynamic and aeroelasticity concerns listed in figure 7 are covered by the areas of work listed in figure i3 .
The first three items listed in the figure, namely, Airframe Flutter Evaluation, Engine Flutter Evaluation, and Panel/Shell Flutter, are primarily experimental efforts that will identify fundamental mechanisms of dynamic and aeroelastic response and develop a data base of information for use in evaluating and validating computational methods. Models of the airframe, the engines and external structural panels will be designed and tested in wind tunnels to assess aeroelastic characteristics in the transonic, supersonic and hypersonic flight regimes. 
